Objectives: Subnormal leptin levels in low birth weight infants may allow for catch-up growth during infancy. Scant data are available that relate growth with circulating leptin during normal infancy in primates. The current study objective was to examine the association between serum leptin, its soluble receptor (sOB-R), testosterone and IGF-I concentrations, and body weight during infancy in male rhesus monkeys. Design: Hormone levels were assessed longitudinally in animals (n ¼ 7) from birth until 1 year of age. Results: Body weight increased during the first 6 months of life and was strongly correlated with rising IGF-I levels and, as IGF-I plateaued and then declined during the second half of the year, body weight gain decelerated. In contrast, leptin levels declined gradually with age during the first year of life in conjunction with increasing body weight. There was no association between body weight gain and serum leptin levels or between serum testosterone and leptin values. Since sOB-R levels also declined with leptin values, it does not appear that levels of bioavailable leptin changed during infancy. Conclusions: The data do not support the contention that leptin regulates growth during infancy, but the close association between IGF-I levels and body weight suggested that this hormone may regulate growth in infant male monkeys. The failure to observe an association between serum testosterone and leptin concentrations suggested that leptin is not involved in the activation of the hypothalamic -pituitary -testicular axis during this developmental period.
Introduction
In humans, growth during the first 2 years of life is particularly dramatic with growth velocity exceeding that at any other stage of postnatal development, and body weight increasing by as much as two-to threefold (1) . The hormonal regulation of growth during this phase of development involves several major endocrine systems, in particular the thyroid, adrenal and growth hormone (GH) axes (1) .
More recently, leptin has also been implicated in this process. In this regard, circulating leptin appears to be positively correlated with growth during fetal development (2 -7), as reflected in a positive association between cord blood leptin and birth weight (3, 7) . Postnatally, however, the relationship between circulating leptin levels and growth remains unclear. In one study, blood leptin levels were inversely correlated with body weight gain over the first 4 months of postnatal life, a relationship that remained evident at 24 months of age (3) . In contrast, other investigators (7) found that from birth until 2 years of age, there was no correlation between serum leptin and body weight in either normal birth weight infants or infants with intrauterine growth retardation.
One of the reasons why this issue has not been explored in any greater detail is that it would require repeated assessment of developmental changes in circulating leptin concentrations in normal infants. The rhesus monkey is an excellent paradigm of human development and reproduction (8, 9) and should be useful as a surrogate for the human infant for such a study. In terms of a developmental time-frame, the first year of postnatal life in the Old World monkey may be viewed as analogous to the first 3 -4 years of human life (10) .
The objective of this study was to explore longitudinally the relationship between developmental changes in circulating levels of leptin, its soluble receptor (sOB-R), insulin-like growth factor-I (IGF-I) and testosterone and growth (body weight gain) during the first year of postnatal life in the male monkey. sOB-R and IGF-I levels were determined because the former affects the bioavailability of leptin (11 -13) , and the latter is of potential importance as a determinant of postnatal growth (14) .
Materials and methods

Animals
Seven male rhesus monkeys that were produced by the Breeding Program of the Center for Research in Reproductive Physiology at the University of Pittsburgh were employed for this study. The animals were born within a span of 2 years between 1997 and 2000. Birth weights of these animals ranged from 478 to 578 g (meansŜ .E.M.; 520^12 g). Initially, each infant was housed with its mother in a single cage. At 8 -11 months of age (9.4^0.5 months) the infants were separated from their mothers and for the remainder of the study were housed with one or more animals of comparable age.
Experimental protocol
With six of the monkeys, blood samples were drawn by femoral venipuncture under sedation (ketamine hydrochloride; 10 -30 mg/kg body weight, i.m.) between 0830 and 1030 h at biweekly intervals beginning at 1 or 3 weeks of age. In the seventh animal, blood sampling was started at 11 weeks of age. Body weight was determined on the day of venipuncture. Serum samples were stored at 2 20 8C until assayed. This study was conducted according to the principles and procedures of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Assays
Serum concentrations of leptin and testosterone were determined in singulate by radioimmunoassay using commercially available kits (Linco Research, Inc., St Charles, MO, USA and Diagnostic Products Corporation, Los Angeles, CA, USA respectively). The leptin assay was previously validated by one of our laboratories for the rhesus monkey (15) . The minimum detection limits for the leptin and testosterone assay were 0.24 ng/ml and 0.65 ng/ml respectively. Serum concentrations of IGF-I were assayed using a commercially available human non-extraction, two-site immunoradiometric assay kit (Diagnostic Systems Laboratories, Webster, TX, USA) that was validated in our laboratory for the rhesus monkey. The minimum detection limit for the IGF-I assay was 2.1 ng/ml. sOB-R was measured using an enzyme-linked immunosorbent kit for human sOB-R (Diagnostic Systems Laboratories). In this assay, aliquots of serum samples from male and female rhesus monkeys ran parallel to the human standard. The minimum detection limit for this assay was 0.2 ng/ml. The intraassay coefficients of variation for the leptin, testosterone, IGF-I and sOB-R assays were respectively 11.7, 6.3, 4.0 and 2.1%; the interassay coefficients of variation were 16.5, 18.8, 4.1 and 6.2%.
Statistics
Body weight and serum concentrations of leptin, IGF-I, testosterone and sOB-R are expressed as means^S.E.M. Hormonal and body weight data were analyzed by oneway ANOVA with repeated measures over time (age).
In addition, linear regression analysis (Pearson's correlation test, two-tailed) was performed to assess the relationship between age, leptin, sOB-R, IGF-I, testosterone, body weight and growth rate. We also employed partial correlation analyses (JMP-IN; SAS Institute, Cary, NC, USA) to control for the influence of other related variables on the linear relationship between a pair of variables (e.g. if variables R and S are correlated with one another, how is that correlation affected by variables U, V and W?). The partial correlation assesses the 'true' strength of a relationship between two variables by taking into account the effect that other related variables have on that relationship. Growth rate (velocity) for individual animals was calculated as the increase in body weight per week over the first year of life. Body weight data were also partitioned into the first and second half of the first year of life and regression analysis was performed to test (t-test) the hypothesis of the equality of the slopes (i.e. to determine whether body weight gain differed between these two developmental periods).
Results
Mean body weight in the seven infants increased (P , 0.0001) linearly and more than threefold over the first 6 months of postnatal life (Fig. 1, top) . Weight velocity then decreased during the second half of the first year of life (slope for first half ¼ 40.5 g/week versus 28.0 g/week for the second half; the hypothesis of the equality of the two slopes was rejected at a level of P ¼ 0.0012). Growth rate during the first postnatal year was unrelated to birth weight (r ¼ 2 0.090, P ¼ 0.848) in these animals (data not shown). Serum leptin and sOB-R concentrations, which exhibited marked variation within and between animals, were highest shortly after birth and declined gradually over the next 12 months (Fig. 1, bottom) .
The age-related changes in leptin did not reach levels of significance (by one-way ANOVA), but there was a significant negative association between leptin and age ( Fig. 2, top ; r ¼ 2 0.660, P , 0.0001) and leptin and body weight ( Fig. 2, bottom ; r ¼ 2 0.664, P , 0.0001). Mean serum sOB-R concentrations declined significantly with age (P , 0.0001 by ANOVA), and developmental changes in sOB-R were positively correlated with changes in its ligand (r ¼ 0.447, P ¼ 0.022).
Partial correlation analyses indicated that there was no significant association between serum leptin levels and body weight during postnatal weeks 1 through 27 (r ¼ 2 0.0354, P ¼ 0.743) or weeks 29 through 53 (r ¼ 2 0.188, P ¼ 0.109). In addition, growth velocity was unrelated to serum leptin concentrations over these same periods (r ¼ 0.0703, P ¼ 0.518 and r ¼ 2 0.0316, P ¼ 0.794 respectively).
Serum testosterone concentrations changed significantly with age (P , 0.0001; Fig. 1, top) . Levels of this steroid increased after birth to reach a peak of approximately 1.5 ng/ml at 5-10 weeks of age before declining progressively to reach basal values of approximately 0.8 ng/ml at 20 weeks of age. There was no significant association between serum leptin and testosterone concentrations during the first year of life (partial correlation for full year ¼ 2 0.0155, P ¼ 0.849).
Serum IGF-I levels increased more than tenfold from birth until 27 weeks of age (by repeated measure ANOVA, P , 0.0001), and then gradually declined (by repeated measure ANOVA, P ¼ 0.014) during the second half of the first year of postnatal life (Fig. 3,  top) . During the period from birth to 27 weeks of age, there was a highly significant positive association between serum IGF-I and body weight (r ¼ 0.446, P , 0.001) (Fig. 3, bottom) . This relationship remained significant (r ¼ 0.468, P ¼ 0.0001) when controlled for other variables (age, leptin, leptin receptor and testosterone; Fig. 4, top) . Linear regression analyses indicated that for weeks 1 through 27 there was no significant relationship between mean serum IGF-I and leptin, but there was a significant inverse relationship between serum IGF-I and the sOB-R (r ¼ 2 0.856, P , 0.0001). When controlled for the other variables (partial correlations), however, this association between serum IGF-I values and serum sOB-R levels was no longer significant.
During the second half of the year when weight gain decelerated and IGF-I levels declined, the relationship between IGF-I and body weight was reversed and the two variables showed negative association (r ¼ 2 0.275, P ¼ 0.019). This association of IGF-I and body weight persisted when the other variables were controlled (partial correlation, r ¼ 2 0.302, P ¼ 0.012; Fig. 4, bottom) . Despite the close association between serum IGF-I and body weight during the first year of life, weekly change in body weight was not associated with serum IGF-I levels in these animals.
Discussion
In the present study, there was a highly significant positive association between serum IGF-I levels and body weight during the first 6 postnatal months in male monkeys. IGF-I levels were lowest shortly after birth and increased in conjunction with increasing body weight over the first half year of postnatal life but, during the second half of the year, body weight gain decelerated in association with a significant decrease in serum IGF-I levels. Despite the close association between serum IGF-I and body weight, we were unable to detect any significant independent association between weekly change in body weight and serum IGF-I levels in these animals.
It has previously been reported that IGF-I levels were positively predictive of body weight gain in infant monkeys that were treated with recombinant human GH for the first 7 weeks of postnatal life or in those infants whose mothers were treated with the hormone during pregnancy and/or lactation (16) . These data suggest that IGF-I is involved in regulating growth during infancy in primates, and are consistent with previous results in humans indicating that IGF-I plays a prominent role in catch-up growth during infancy in intrauterine growth-retarded infants (17) . In these infants, IGF-I levels were reduced at 5 days of age, but increased to control values by 12 months of age in those subjects that had complete catch-up growth during their first year of life.
Another interesting finding of the current study was the marked change in the developmental pattern of circulating IGF-I concentrations that occurred between the first and second half of the first year (i.e. rapid rise and then a decline) of postnatal life in male monkeys. This change appeared to be tightly linked to the time when infants were weaned and separated from their mothers. Whether this association is causal is not known although it is recognized that nutritional intake is a primary regulator of IGF-I concentrations during the early postnatal period in primates and rodents (16, 18) . It is possible that the decline in IGF-I levels is related to a shift to all solid foods when the animals were separated from their mothers. Both leptin and sOB-R concentrations declined gradually in concert with age and, as a result, the ratio of leptin to sOB-R in the circulation did not change significantly over the first year of postnatal life in male monkeys. Thus, it appears unlikely that age-related changes in the sOB-R affected the bioavailability of circulating leptin. Cross-sectional studies of boys and girls have provided information on mean leptin levels from 0 to 3 years of age (12, 13) , but longitudinal data for this period of human development have not been reported. This is the first study to provide longitudinal data relating developmental changes in circulating leptin with growth over this period in a higher primate.
In the present study, there was a negative association between leptin and body weight throughout the first year of life. Moreover, growth velocity was unassociated with mean leptin values during this period. Partial correlations performed to ascertain whether other variables (age, testosterone, IGF-I and sOB-R) might be masking the effect of leptin on body weight and growth velocity failed to detect any significant association between these growth parameters and serum leptin concentrations. Our results, therefore, support an earlier human study describing an absence of a correlation between serum leptin and body weight in either normal term infants or those with intrauterine growth retardation (7) . Thus, leptin may not play a substantial role in the regulation of growth in higher primates during infancy.
It is possible, as others have suggested (7), that infancy and early childhood represent a period of relative insensitivity of the central nervous system to the anorexigenic effects of leptin. This would appear to be advantageous to the growing primate infant, allowing body weight and body fat mass increases without the negative impact of leptin on energy intake and expenditure. In fact, body mass index (BMI) increased over the first year of life in both normal infants and those with intrauterine growth retardation, and BMI was positively associated with serum leptin concentrations, but only in normal infants (7). While we have no direct evidence from the present study that the sensitivity to leptin is reduced during infancy, variability in leptin within and between monkeys was relatively high in the present study and is perhaps reflective of a system regulating energy balance that has not fully matured.
Parenthetically, it should also be noted that birth weight in the current study, and therefore presumably cord blood leptin, was unrelated to body weight gain during the first year of postnatal life. Thus these data do not support the idea that lower circulating leptin levels during 'normal' infancy in primates is associated with a greater rate of growth as has been suggested in studies with growth-retarded human infants (3) .
Infancy in the male primate is characterized by increased activity within the hypothalamic-pituitarygonadal (HPG) axis (8) . In the present study and as reported earlier (19, 20) , daytime testosterone concentrations decreased after an initial peak at 5-9 weeks of age to low basal values by 4 months of postnatal life and remained low throughout the rest of the first year. Since leptin plays an important, albeit permissive, role in the pubertal resurgence of gonadotropin-releasing hormone release in primates (21), we were interested in any relationship between circulating leptin and activation of the HPG axis as reflected by developmental changes in circulating testosterone. The failure to observe a significant relationship between serum testosterone and leptin concentrations during infancy in male monkeys suggests that leptin does not play a role in the activation of the HPG axis during this period of development.
In conclusion, the data from the current longitudinal study are the first to detail developmental relationships between circulating concentrations of leptin, sOB-R, IGF-I and testosterone and growth during normal infancy in higher primates. We found that there was a strong positive association between circulating IGF-I levels and the increase in body weight over the first year of life, suggesting that developmental changes in IGF-I may be serving as the major regulatory factor for growth in the infant male primate. In contrast, the results do not support the hypothesis that circulating leptin regulates growth during infancy in these animals. The large level of variability in serum leptin concentrations between and within individual monkeys over this developmental period is perhaps suggestive of a leptin regulatory system that is not fully matured at this time. The present study also failed to provide evidence for a role of leptin in regulating the HPG axis of the infant primate.
